In a single-walled carbon nanotube, we observe the spin-1/2 Kondo effect. The energy of spinresolved Kondo peaks is proportional to magnetic field at high fields, contrary to recent reports. At lower fields, the energy falls below this linear dependence, in qualitative agreement with theoretical expectations. For even electron occupancy, we observe a spin-1 Kondo effect due to the degeneracy of the triplet ground states. Tuning gate voltage within the same Coulomb diamond drives a transition to a singlet ground state. We also independently tune the energy difference between singlet and triplet states with a magnetic field. The Zeeman splitting thus measured confirms the value of the g-factor measured from the spin-1/2 Kondo feature.
Carbon nanotubes, discovered almost two decades ago [1] , have proven to be a rich playground for physicists investigating zero-and one-dimensional quantum mechanical phenomena, such as the Kondo effect [2] and Luttinger-liquid behavior [3, 4] . The energy scales of nanotube quantum dots are particularly convenient for studying the Kondo effect:
the Kondo temperature can be much larger than accessible temperatures but smaller than Zeeman splitting at accessible magnetic fields.
In this Letter we report measurements of the low-temperature (250mK-6K) conductance of a carbon nanotube. Our device exhibits Coulomb blockade behavior and also, because of its high conductance, the Kondo effect in its spin-1/2 and spin-1 manifestations. For spin-1/2 Kondo, the energy of spin-resolved resonances falls below the Zeeman energy at low fields, but saturates to the Zeeman energy more rapidly than expected with increasing field [5, 6] . At high fields, we obtain the most precise measure to date in a quantum dot of both the g-factor and the extrapolated zero field splitting of Kondo resonances. In the case of spin-1 Kondo, we observe a gate-induced transition between triplet and singlet ground states. Singlet-triplet Kondo has been observed in GaAs quantum dots, where the transition was driven by a magnetic field coupling to orbital states [7] or by a gate voltage [8] . In our system, because of the larger g-factor and smaller dot area, we are able to use the Zeeman effect to cleanly and independently tune through the transition, with no noticeable orbital effect of the magnetic field. This measurement provides additional confirmation of the gfactor, and is the first such quantitative investigation of the singlet-triplet Kondo effect.
This work grew out of a study of an ensemble of C 60 peapods: carbon nanotubes filled with buckyballs. Device fabrication was standard for nanotube transport studies except that we attempted to fill the tubes with C 60 molecules [9] . A detailed description of the ensemble study will be published elsewhere. Here we focus on one device which showed intriguing and quantitatively informative Kondo behavior. None of the conclusions below depend on whether this particular tube is filled; moreover, the ensemble study and another recent work [10] strongly suggest that the intercalated C 60 do not perturb the low-energy transport properties of nanotubes.
In Coulomb diamond measurements, striking horizontal features -peaks in differential conductance G at bias voltage V b = 0, independent of voltage V g on a back gate -signal the presence of the Kondo effect ( Figure 1a ) [2] . These zero-bias anomalies are more prominent at lower temperatures (Figure 1b the Kondo temperature to be 1.7K, 1.8K and 1.5K in the middle of valleys (i), (ii) and (iii) [11, 12] .
The Kondo zero-bias conductance peak splits into two peaks upon application of magnetic field ( Figure 2 ), as predicted [13] and previously observed [14, 15, 16] . At high field the spin-resolved peaks in the density of states are predicted to occur at ±gµ B B ≡ ±∆ [6, 13] .
At low field the peak energies should be lower [5, 6, 17] , with δ → 2/3∆ as B → 0 [18] .
Differing descriptions exist of the crossover between low-field and high-field behavior. Moore and Wen's Bethe-ansatz calculation in an approximate basis converges to the high-field result extremely slowly (logarithmically), predicting for example δ ≈ 0.9∆ for gµ B B = 1000kT K [6] . Costi, using a density matrix renormalization group approach, predicts a more rapid crossover, with convergence to the high-field result around gµ B B = 20kT K [5] . We find precisely linear behavior 2δ[µV ] = 240B[T ] − 5 ± 14, corresponding to g = 2.07, at moderately high fields (B = 4 to 7 T, gmu B B = 2.9 to 5.1kT K ). The extracted peak energy falls below linear only at gµ B B = 2.8kT K , a much lower-field crossover than predicted by either of these theories [19, 20] . In Figure 3 we compare our data to the Moore-Wen and Costi predictions at both high and low fields. At high fields the data disagree with the theory markedly in the magnitude of the splitting (Figure 3c ). If we attempt to correct for this by assuming an unrealistically high g-factor (g = 2.9 and 2.35 for the respective theories), the theories still predict a more gradual saturation to high field behavior than we observe (Figure 3d ).
There are three prominent issues in comparing the various calculations to transport experiments. First, all the theories calculate spin-resolved density of states, whereas experiments measure the sum of the two spin-resolved densities of states. We address this by fitting our measurements with two Lorentzian peaks and interpreting the extracted peak positions as the positions of the resonances in the spin-resolved density of states. We find that the results are insensitive to details of the fitting procedure for sufficiently high fields, gµ B B > 1.6kT K .
At lower fields we do not report peak positions, as fit details are important, and the ac- and Logan-Dickens may also influence our extracted peak positions [18, 21] . Lastly, most theories calculate an equilibrium density of states. In transport experiments a finite bias is applied across the quantum dot, changing the density of states of the system. Konik et al.
extended the Moore-Wen Bethe-ansatz analysis to take into account non-equilibrium effects, and achieved very similar predictions [17] . In any case, we expect these effects to be small in our experiments since our dot is coupled much more strongly to one lead than to the other: the ratio of couplings is roughly 8 as judged from our maximum observed conductance.
Since we find a linear splitting at high fields, we assume δ = ∆ in this range and obtain from the high field data g = 2.07 ± 0.02 (95% confidence) (Figure 3b ) [22] . We believe that ours is the most precise measure to date of the splitting of a Kondo peak with magnetic field in a quantum dot. The value of the g-factor agrees well with previous work on nanotubes [16, 23] . The linearity of the splitting at high field also agrees well with measurements by Cronenwett et al. [14] in GaAs quantum dots; however, our results differ from those of Kogan et al. [15] -also in GaAs -who measure δ > gµ B B at all fields extrapolating to a finite zero field value.
Although spin-resolved resonances in principle move away from zero energy even at very low fields, the two resonances initially overlap so that the measured Kondo peak does not visibly split into two until a critical field, B c . Costi has predicted [24] that at low temperatures (T < T K /2, satisfied in our case) gµ B B c ≈ kT K . We observe this splitting first at B = 2.3T , modestly higher than the predicted B c = 1.5T , and roughly where we can start to robustly fit peak positions. Previous work in GaAs also found the splitting occurring roughly at B c [25] .
On a different cooldown of the same device, we observe a Kondo effect for even occupancy of the dot. Enhanced zero-bias conductance on one side of the diamond in question splits into two peaks at finite bias on the other side (Figure 4a-b) indicating a spin-1 Kondo effect coupled with a gate-induced transition between the triplet and singlet ground states [8] . On the left side of the diamond, the degeneracy of the triplet ground states leads to enhanced conductance at zero bias. On the right, similar to the cotunneling features described above, the conductance is enhanced when the bias voltage coincides with the energy difference between the singlet ground state and the triplet states. Similar gate-induced spin transitions have been previously observed in nanotubes; they may be due to electron-electron correlation effects [26] .
On the triplet (left) side of the diamond, a magnetic field splits the peak at zero bias into two peaks at a finite bias corresponding to the energy difference between the two lowest triplet states (Figure 5a, c) . As with the spin-1/2 Kondo peak, the splitting here first occurs at slightly larger-than-expected field B = 1.8T > B c = 1.1T [24] . There is no explicit theory for the splitting of the spin-1 Kondo peak, so we determine T K and B c in the same way as for spin-1/2.
On the singlet (right) side, two peaks occur at the energy difference between the singlet Figure 5b of the upper peak into a step after the crossing point, and the insensitivity of both peaks to fields less than 2T, remain puzzling. We observe several additional strongly gate-sensitive features in our diamond plots (Figure 4a ).
At least one of them appears to be Kondo-related -the conductance decays logarithmically with B at high field, and saturates to a constant value at low field ( Figure 4c ).
In conclusion, we have observed spin-1 and spin-1/2 Kondo effects in a carbon nanotube device. We carefully track a spin-1/2 Kondo zero-bias peak and find that the energy of its spin-resolved constituents is linear with field at high field, and sublinear at low field, qualitatively matching predictions. However, the crossover from sublinear to linear splitting 
